Tidal motion of oceanic salt water through the ambient geomagnetic field induces periodic electromagnetic field signals. Amplitudes of the induced signals are sensitive to variations in electrical seawater conductivity and, consequently, to changes in oceanic temperature and salinity. In this paper, we computed and analyzed time series of global ocean tide-induced magnetic field amplitudes. For this purpose, we combined data of global in situ observations of oceanic temperature and salinity fields from 1990-2016 with data of oceanic tidal flow, the geomagnetic field, mantle conductivity, and sediment conductance to derive ocean tide-induced magnetic field amplitudes. The results were used to compare present day developments in the oceanic climate with two existing climate model scenarios, namely, global oceanic warming and Greenland glacial melting. Model fits of linear and quadratic long-term trends of the derived magnetic field amplitudes show indications for both scenarios. Also, we find that magnetic field amplitude anomalies caused by oceanic seasonal variability and oceanic climate variations are 10 times larger in shallow ocean regions than in the open ocean. Consequently, changes in the oceanic and therefore the Earth's climate system will be observed first in shelf regions. In other words, climate variations of ocean tide-induced magnetic field amplitudes are best observed in shallow ocean regions using targeted monitoring techniques.
Introduction
Throughout Earth's history, the global climate changed drastically from extreme cold to extreme warm phases. Since ocean currents distribute heat from solar radiation throughout the globe, the ocean plays a central role in climate formation. The release of oceanic heat and humidity into the atmosphere is one of the driving forces for atmospheric circulation. Atmosphere and ocean dynamics impact each other mutually and form a complex dynamical system, which determines the global climate.
Global mean surface temperature and ocean heat content (OHC) have risen over the last 50 years (Hansen et al., 2010; Levitus et al., 2012) . Changes in ocean circulation, and therefore global heat transport, are the consequence. In order to monitor global climate variations, it is essential to observe oceanic processes continuously (Meyssignac et al., 2019) .
In principle, global monitoring of climate variations can be achieved with observations of ocean tide-induced magnetic field signals Saynisch et al., 2016 Saynisch et al., , 2017 . Electric currents are induced by the motion of electrically conducting seawater through the ambient geomagnetic field Manoj et al., 2006; Minami, 2017) . The strength of the induced electric currents and the corresponding magnetic fields is, among other influences, sensitive to changes in the electrical seawater conductivity ( ) distribution, which is determined by oceanic temperature and salinity. That the oceanic distribution can be used to anticipate OHC with great precision and accuracy has recently been demonstrated by Trossman and Tyler (2019) .
Tidal current-induced magnetic field signals reach values of several nanoteslas (nT) at sea level and satellite altitude (Kuvshinov, 2008; Minami, 2017) . Due to the periodicity of the induced magnetic field signals, it has been possible to extract global distributions of radial semidiurnal principal lunar tide (M2)-induced magnetic field (B M2,r ) amplitudes from satellite observations of the magnetic field missions CHAMP Tyler et al., 2003) and Swarm (Sabaka et al., , 2018 . Additionally, Grayver and 10.1029/2018JC014768 Olsen (2019) have successfully extracted the magnetic field signals of the tidal constituents N2 and O1 from combined data of both satellite missions. By means of an artificial neural network, it is possible to infer global ocean heat content values from these global ocean tide-induced magnetic field amplitudes .
Ocean tide-induced electric currents are sensitive to electrical seawater conductivity, tidal ocean flow, and the geomagnetic field. Out of these three, conductivity exhibits the highest temporal variability. In fact, variations of oceanic temperature and salinity occur on shorter time scales than changes in the tidal ocean flow or the geomagnetic field. This fact was used in recent studies that investigated B M2,r amplitude variations due to climate variations. On one hand, Saynisch et al. (2017) modeled the impact of the oceanic warming, caused by increased greenhouse gas content in the atmosphere, on the ocean tide-induced magnetic fields. It has been found that, in general, B M2,r amplitudes increase with oceanic warming. On the other hand, motivated by Greenland glacial melting, Saynisch et al. (2016) have simulated a continuous freshwater influx in the arctic region, which has led to a breakdown of the Atlantic meridional overturning circulation (AMOC) in the model simulation. In contrast to the first study, altered heat transport and an increase in cold freshwater caused a decrease in B M2,r amplitudes.
Since, in both simulations the individual processes were investigated separately, it is currently unknown, whether one process will dominate or whether the two processes will annihilate each other in time. Moreover, it is unknown how the actual ocean climate influences B M2,r amplitudes and how variations in the amplitudes compare to modeled climate scenarios. Currently, there are no global magnetic field observations with the necessary precision and temporal resolution to answer that question by extracting B M2,r amplitude variations. But, the necessary global B M2,r amplitudes can be modeled, based on recent ocean state observations. In this study, we computed and analyzed a time series of monthly mean global B M2,r amplitudes for the years 1990 to 2016 based on global oceanic temperature and salinity observations. Dynamical changes in the resulting time series were then linked to recent ocean dynamics and compared to the findings of the preceding studies.
In section 2 we present the data and the methods used to compute the B M2,r amplitudes. The results of the subsequent analysis are presented in section 3 and discussed in section 4. We conclude and summarize this study in section 5.
Data and Methods

Oceanographic In Situ Observations
The oceanographic data needed to calculate recent changes in the ocean tide-induced magnetic fields is provided by the Copernicus Marine Environment Monitoring Service. The Coriolis data set for Re-Analysis (CORA5.0; Cabanes et al., 2013) , with global monthly mean seawater temperature and salinity fields, is used to compute ocean tide-induced electric currents and monthly mean oceanic conductance models.
In the CORA5.0 data set, in situ measurements of observation techniques such as Argo floats (Roemmich et al., 2009 ), moored buoys (e.g., TAO/TRITON network Hayes et al., 1991) , or gliders are used to estimate monthly mean temperature and salinity fields through a statistical analysis method, the In Situ Analysis System (Bretherton et al., 1976; Gaillard et al., 2016) . The first guess for their estimation method was derived from the monthly climatologies of temperature and salinity distribution of the World Ocean Atlas (WOA) Zweng et al., 2013) . The WOA climatologies for periods between 1985-1994, 1995-2004, and 2005-2012 are interpolated to provide monthly temperature and salinity fields centered at the 15th of each month. After applying an objective analysis, the resulting fields contain dynamical changes on interannual, interseasonal, and monthly time scales from 1990 to 2016 on a 0.5 • × 0.5 • grid. The data are distributed on 152 vertical levels between the sea surface and a depth of 2,000 m.
The in situ observation coverage is low in the first 10 years of the considered period but increases with the progressive deployment of Argo floats. Almost no data are available in the polar regions, which have been shown to be highly susceptible to climate variations (Saynisch et al., , 2017 . In the highly dynamic, and for this study crucial, region of the northern Atlantic, by contrast, data coverage is particularly high. In case of unavailable profile data, the provided values are equal to the first guess, which is equal to the temperature and salinity fields of the WOA.
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Conductivity Model
The conductivity model is composed of a time-constant spherically symmetric 1-D mantle conductivity (Grayver et al., 2017) placed below a thin spherical electrical conductance layer. The spherical layer combines the time-constant sediment conductance with the time-variable ocean conductance. The sediment conductance is calculated with the method of Everett et al. (2003) using sediment thicknesses from Laske and Masters (1997) .
This study uses monthly mean ocean conductance fields that contain monthly, interseasonal, and interannual variability. There are precomputed global distributions available (Tyler et al., 2017) . These data sets have been compiled with the highest possible consistency in ocean data in mind assuring that only temperature and salinity were used that were measured at the same place and time. However, these distributions present average climatologies and lack the necessary interannual variability and long-term trends needed to analyze the relation between the underlying changes in ocean dynamics and the ocean tide-induced magnetic field signals. Hence, we computed the monthly mean ocean conductance from the oceanic seawater temperature and salinity distribution of the CORA5.0 data set with the following three-step algorithm:
First, we derived the 3-D oceanic conductivity distribution down to a depth of 2,000 m from the CORA temperature and salinity fields (cf. section 2.1). The conductivity was computed with the Gibbs-Seawater equation, specifically, the conductivity function of the TEOS-10 toolbox (IOC et al., 2010) . The ocean pressure p needed for this calculation was approximated as p ≈ h in dbar. Here, h is the depth of the individual data point given in m. Subsequently, the monthly conductivity was depth-integrated down to 2,000 m depth to obtain oceanic conductance fields of the upper ocean.
Second, the global ocean conductance from sea surface to ocean bottom was computed by adding the deep ocean conductance for depths below 2,000 m to the upper ocean conductance (cf. step one). The deep ocean conductance was obtained by integrating the global conductivity distribution of the WOA for the years 1981 to 2010, from 2,000 m to ocean bottom (Tyler et al., 2017) .
Third, the obtained monthly ocean conductance fields were depth-averaged ( mean ) first and then multiplied with the bathymetry of the TPXO8-atlas (Egbert and Erofeeva, 2002) . This way, we removed the influence of the coarse bathymetry resolution of the WOA in the global ocean conductance fields. Furthermore, this step assures consistency between the conductance and the ocean tide-induced electric currents. The latter rely on the tidal flow of the semidiurnal ocean tide M2, which was also taken from the TPXO8-atlas (cf. section 2.3).
The final monthly mean ocean conductance fields have a regular grid with a resolution of 0.5 • × 0.5 • . All necessary input fields have been interpolated bi-linearly to fit this regular grid before applying the algorithm.
Electric Current
The Lorentz force acts on seawater that flows through the ambient geomagnetic field. As a consequence, an electric current is induced. We compute the electric current sheet density ⃗ M2 induced by the tidal ocean currents of the semidiurnal principal lunar tide M2 with Ohm's Law:
) .
(1)
Here, and are longitude and colatitude; mean , ⃗ V M2 and ⃗ B Earth are the depth-averaged conductivity (cf. section 2.2), the tidal ocean transport of the M2 tide, and the geomagnetic field, respectively.
For the tidal flow of the M2 tide ⃗ V M2 , we use the barotropic flow provided by the TPXO8-atlas (Egbert and Erofeeva, 2002) . The geomagnetic field ⃗ B Earth is based on the international geomagnetic reference field IGRF-12 (Thébault et al., 2015) . We follow the approach of the Greenland glacial melting study and the oceanic warming study (Saynisch et al., 2017) and assume a time-constant ⃗ B Earth . This assures better comparability between the findings of all three studies and puts the focus on the oceanic causes of B M2,r variability. However, the influence of the secular variation on ⃗ M2 should be considered when the data set of this study is compared to actual B M2,r observations. Since the variations in the geomagnetic field are well known (Gillet et al., 2010) , their effects can be removed.
Induction Solver x3dg
The time-varying electric currents induced by the oceanic tidal motion produce time-varying magnetic fields. These magnetic fields in return interact with their electrical conducting environment and induce secondary electric currents, which produce further magnetic fields and so forth. This mechanism and additional electromagnetic phenomena such as galvanic effects and currents induced parallel to conductivity boundaries are described by Maxwell's equations.
Maxwell's equations have no analytical solution in a general three-dimensional environment. With the numerical 3-D induction solver x3dg of Kuvshinov (2008) , we compute the electromagnetic response to interactions of ocean tide-induced currents and the heterogeneous electrical conducting environment; x3dg solves Maxwell's equations in the frequency domain using an iterative contracting volume integral equation approach (Pankratov et al., 1995; Singer and Fainberg, 1995) . The solver has been shown to simulate electromagnetic fields of models with sharp contrasts and complicated geometries in an efficient and accurate manner (Kelbert et al., 2014; Sachl et al., 2019) . The solver is forced with the computed monthly ocean tide-induced electric currents and conductance distributions (Velímský et al., 2018) .
The resulting ocean tide-induced electromagnetic fields (B M2 ) are computed at sea level and satellite altitude with a spatial resolution of 0.5 • supporting information. The B M2 fields can be expanded into poloidal and toroidal magnetic modes with the Helmholtz decomposition (Chave and Luther, 1990) . While toroidal magnetic fields are confined inside the ocean and the sediments, poloidal magnetic fields are measurable outside of the ocean as the radial magnetic field amplitudes B M2,r (Dostal et al., 2012) . Recent studies have shown that lateral conductivity variations allow an exchange of energy between the magnetic modes . In this study, however, we focus solely on B M2,r and do not show the remaining electromagnetic field components.
Results
Mean Seasonal Variations of Averaged Radial Ocean Tide-Induced Magnetic Field
Amplitudes Amplitudes of the radial ocean tide-induced magnetic field components B M2,r were averaged over the entire time span covered by the CORA data set. The resulting global distribution of averaged M2-induced magnetic field amplitudes is shown in Figure 1 . The distributions at sea level and satellite altitude are consistent with the findings of previous studies (Grayver et al., 2016; Kuvshinov, 2008; Sabaka et al., 2016; Saynisch et al., 2016 Saynisch et al., , 2017 Tyler et al., 2003) .
There are four large areas with amplitudes greater than 3.0 nT at sea level and 1.4nT at satellite altitude. The strongest maximum is located around New Zealand with values of up to 6.9nT (1.7nT at satellite altitude). In the northern Atlantic B M2,r amplitudes reach values of 5.7nT (2.1nT), while in the Indian Ocean and the northern Pacific values of 3.0nT (1.9nT) and 3.3nT (1.4nT) are reached.
Additionally, there are multiple small-scale regions with high amplitudes at sea level but moderate amplitudes at satellite altitude. Around Madagascar, for example, B M2,r amplitudes reach values of 4.1nT and in the Bering Sea, close to the Aleutian Islands, they reach values of 5.7 nT. Furthermore, B M2,r amplitudes Figure 1 ).
In the next step, we calculated a climatological mean annual cycle from the B M2,r time series. The local peak-to-peak difference of the cycle represents the statistical annual modulation of B M2,r amplitudes and is shown in Figure 2 . Areas with large peak-to-peak difference are most affected by the seasonal cycle. The computed spatial distribution of seasonal amplitude variations at satellite altitude is consistent with the one of Grayver et al. (2016) .
At sea level, the largest seasonal peak-to-peak differences are found in the Yellow Sea (ΔB r,mean ≤ 0.54nT) and Gulf of Maine (ΔB r,mean ≤ 0.68nT). Since the mean signal in these regions is in the order of 1.0 nT, the seasonal variation represents relative changes of ∝10%. Off the coast of New Zealand, the Labrador Sea and off the European Atlantic coast, we also find high seasonal B M2,r variations with values of more than 0.3 nT.
The range at satellite altitude is about 10 times lower and reaches ≈0.05 nT in the Yellow Sea and the Gulf of Maine. Around New Zealand and the northern Atlantic the seasonal variations reach up to ≈0.03 nT. There are several reasons against the extraction of seasonal B M2,r amplitude variations at satellite altitude. The absolute magnetometers of the Swarm mission have a nominal accuracy of <0.045 nT (Jager et al., 2010) . Furthermore, lunar tidal forces induce additional electromagnetic signals in the ionosphere (Matsushita, 1967) in the same frequency range, which have to be separated correctly. And last but not least, recent studies relied on more than 18 month of satellite data to extract global B M2,r amplitude fields (Grayver and Olsen, 2019; Sabaka et al., 2015 Sabaka et al., , 2016 Sabaka et al., , 2018 Tyler et al., 2003) . Consequently, the accuracy and precision of the available data as well as the temporal sampling are momentarily too low for the task at hand. 
Indications for Climate Variation
The oceanic temperature T and salinity S fields of the CORA5.0 data set are the only time-varying input in our experimental setup. The changes of S and T cause variations of the depth-averaged seawater conductivity mean , which leads consequently to variations in the current sheet density of the ocean tide-induced electric current ⃗ M2 (cf. equation (1)) and the global conductance model (cf. section 2.2).
We have computed the correlation (r) between the time series of mean and the principal lunar tide-induced radial magnetic field component B M2,r at sea level and satellite altitude for each grid point (cf. Figure 3 ). This way we are able to assess the linearity of the relation of the input and output variables. We find that r is generally close to 1 in most ocean regions. In some small regions, however, the correlation coefficient is either negative or close to 0. These exceptions are mostly found in regions with low B M2,r . With the continuation of B M2,r in radial direction up to satellite altitude, the correlation decreases slightly but retains a high level.
Changes in oceanic conductivity can be attributed, in large part, to changes in the seawater temperature distribution Tyler et al., 2017) . The seawater temperature distribution is closely related to the ocean heat content, a well-known indicator for the global climate state (Meyssignac et al., 2019) , which has been subject of many studies (Hansen et al., 2010; Levitus et al., 2001 Levitus et al., , 2012 Loeb et al., 2012) . It is in first order proportional to the depth-integrated seawater temperature of the upper 2,000 m (Levitus et al., 2012) of the ocean; the depth for which observations are available from the Argo program (Roemmich et al., 2009) . We calculated the correlation between the time series of mean and T int , the seawater temperature integrated from a depth of 2,000 m to sea surface, at each grid point (cf. figure 4) and found that T int and mean are virtually proportional in the majority of ocean regions. The correlation of both quantities is practically 1 throughout the world ocean except for regions at the immediate coast and the Arctic Ocean. In some parts of the cold Arctic Ocean we find that the changes in mean correspond better to the depth-integrated seawater salinity S int (cf. right side of Figure 4 ). This is explained with the fact that temperatures in that region are quite constant while the salinity exhibits much higher variability than most ocean regions. This is due to effects caused by ice formation and melting processes as well as the supply of freshwater due to glacial melting. This is in agreement with the findings of Trossman and Tyler (2019) who previously have investigated the high correlation between OHC and mean .
Following the presented evidence, we conclude that our findings for OHC or the comparable T int are also true for mean . Additionally, we conclude that the relation of OHC and B M2,r is also in first order linear in most ocean regions. This makes not only the OHC and mean but also B M2,r a good indicator for the oceanic climate state.
In order to assess developments in the ocean climate and compare these to the presented Greenland glacial melting and oceanic warming (Saynisch et al., 2017) scenarios, we computed long-term trends of the depth-integrated temperature T int , mean and B M2,r . In detail, we have carried out a linear regression to fit the linear model i = a 1 · t i + a 0 .
(2) Here, f i is the modeled value at time t i . This way, we have obtained the linear trend a 1 for the entire time series (cf. Figure 5 ).
We have also carried out a polynomial regression of second order to fit a quadratic model
and obtain the quadratic trend b 2 of the time series (cf. Figure 6) ; a 1 and b 2 are the coefficients of the terms that will dominate the dynamic of their model in time, due to the leading exponent. In our study, b 2 is about 10 times smaller than a 1 . Consequently, if the quadratic trends persist, they will dominate ocean dynamics on decadal time scales.
The coefficient of determination R 2 provides a measure of how well the observed values are explained by a model and is defined as follows:
Here,̄is the mean of the observed values y i and f i is the value modeled with the respective regression fit. In order to increase the significance of R 2 , we removed seasonal and high-frequency variations by applying a 12-month running mean. As a consequence, the magnitude of R 2 is increased and the decision of whether the linear or the quadratic model fits the long-term ocean dynamics better is facilitated. Due to the high correlation of B M2,r , mean and T int , this report only illustrates the R 2 coefficient for the T int model (cf. Figures 5  and 6 ). The R 2 coefficients of the models for B M2,r amplitude and mean dynamics exhibit a very similar global distribution (not shown). The distribution of signs in T int , mean and B M2,r trends are in good agreement. This is in accordance to the high correlation of these quantities in most ocean regions (cf. Figures 3 and 4 ). Despite this high correlation, there is a significant difference in the magnitude distribution in the respective trends. The magnitude of T int trends is almost uniformly distributed across the global ocean. By contrast, mean and B M2,r trends are about 10 times larger in the shallow shelf regions than the open ocean. This is also found for the magnitude distributions of seasonal variations in B M2,r (cf. Figure 2) . The complex dynamical system of the global ocean circulation, and thus of the ocean heat distribution, exhibits high variability. The dynamics are too complex to be modeled with simple linear or quadratic dynamical models on longer time scales. The dynamics of the equatorial Pacific Ocean, for example, is largely dominated by the influence of the El Niño/Southern Oscillation. In this region, R 2 values of both trend models are especially low. Neither the linear model nor the quadratic model can adequately represent the dynamic in this region. However, there are ocean regions, where ocean heat dynamics are well explained with one of these simple models.
The Arctic Ocean, the Sea of Okhotsk, the area around the Aleutian Islands, the western coast of South America, and the Weddell Sea are examples for regions for which the linear model is a good fit. That is why we find large R 2 coefficients for this model in these regions (cf. Figure 5 . Additionally, the linear B M2,r trends in these ocean regions are relatively large, surpassing 2pT/a at sea level (0.5pT/a at satellite altitude). The trends in these regions are all positive, except for trends off the western coast of South America. Here, the OHC increases gradually in time. This agrees well with known OHC trends (Cheng et al., 2016; Levitus et al., 2012) . However, the large part of ocean dynamics is poorly explained with a linear model.
The signs of b 2 and a 1 , the leading exponents in the individual models, are opposed in most ocean regions. This indicates trend reversals, an acceleration or deceleration of the observed trend, or a saturation effect. In most regions, we also find a substantial increase of the R 2 coefficients for the quadratic model (cf. Figure 6 ).
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This increase indicates that the dynamics in these regions are better fitted with the quadratic model. But only in regions where R 2 is close to 1 for the quadratic model, we can assume that T int , mean and B M2,r dynamics are well explained by the model.
In the northern Atlantic, south of Greenland, we find an initial increase in T int , mean and B M2,r over the first 15-20 years of the investigated period. However, after the tipping point between 2005 and 2010 we find a rapid decrease in both quantities. This is well represented in the fitted models. For the linear models, we find large positive trends in T int , mean , and B M2,r , which account for the long period of increase. However, due to a reversal of the trend we find low R 2 coefficients for the linear fit. The trend reversal and the subsequent rapid decrease explain the large negative values for the quadratic T int , mean , and B M2,r trends and the increase in R 2 coefficients. This is also in agreement with the positive linear trends b 1 (not shown). Consequently, the linear trend of the quadratic fit dominates on shorter time scales while on longer time scales the negative quadratic trend prevails. A similar dynamic, with reversed signs, can be on the continental shelf of New Zealand.
Discussion
In the following we discuss effects that were neglected in our analysis but have to be taken into account when investigating actual magnetometer observations.
OHC changes in an ocean depth below 2,000 m were not taken into account in this study. However, the majority of the total OHC is stored above 700 m and the small fraction of OHC originating from depths below 2,000 m increases comparatively slow (Cheng et al., 2016) . In addition, the variability of oceanic temperatures and salinity is higher in the upper ocean than in the deep ocean. Consequently, no significant changes are expected when including deep ocean salinity and temperature variations of the considered time period.
The large-scale temporal variability of the geomagnetic field and the tidal ocean flow have also been neglected. It is known that the amphidromic system is robust with regards to changes in sea level and oceanic temperatures in the majority of ocean regions. Consequently, in those regions long-term changes in tidal amplitudes can be neglected. However in coastal regions, oceanic warming and sea level rise has a considerable impact on M2 tidal amplitudes. Seasonal warming, for example, increases coastal M2 tidal amplitudes up to 5% (Müller et al., 2014) . The subsequent increase in the tidal flow, determined by the tidal amplitude and ocean depth, should in principle cause even larger seasonal B M2,r variations than those found in section 3.1.
Comparison to Climate Projections
There are two studies investigating the relation between oceanic climate variations and B M2,r anomalies. In the first study, Saynisch et al. (2017) analyzed the effects of oceanic warming, due to increased greenhouse gas content in the atmosphere, on B M2,r amplitudes. An initial mean annual ocean state was modeled and compared to terminal mean annual ocean states that were projected 96 years into the future. The terminal mean annual ocean states were modeled with an ocean general circulation model. The ocean model was forced with atmospheric data of a selection of atmospheric warming scenarios from CMIP5 (Taylor et al., 2012) . The resulting oceanic warming caused B M2,r anomalies of up to 0.3 nT at sea level. The areas with largest B M2,r amplitude increase were the northern Atlantic, the Arctic Ocean, the Pacific region surrounding New Zealand, the Labrador Sea, the Gulf of Maine, and the northwestern Pacific. In the Hudson Bay, by contrast, B M2,r amplitudes decreased by a comparable magnitude.
In Saynisch et al. (2016) , the second study, the authors investigated the effect of Greenland glacial melting on the ocean tide-induced magnetic field. Ongoing Greenland glacial melting was modeled with an increased freshwater influx in the northern Atlantic. The fresh water hosing experiment resulted in a breakdown of AMOC and large-scale changes in the oceanic temperature and salinity distribution. The AMOC breakdown occurred within a time period of 50-100 years. Again, the final and terminal mean annual ocean climate state were compared and revealed mostly negative B M2,r anomalies. At sea level, the fresh water hosing caused a decrease in B M2,r amplitudes in large areas around New Zealand and in the northern Atlantic. In those regions anomalies were in the order of 0.1 nT with a maximum value of 0.7 nT.
The distribution of positive and negative linear B M2,r matches the expectations of the oceanic warming-induced B M2,r anomalies modeled by Saynisch et al. (2017) . The linear trends (cf. section 3.2) reach 10.1029/2018JC014768 amplitudes of more than 2pT/a in the regions where the largest B M2,r anomalies are expected, according to the oceanic warming scenario. Consequently, extrapolating the linear trends 100 years into the future results in B M2,r anomalies of more than 0.2 nT. Therefore, the changes of OHC are within the expected range. Despite the high correspondence of the linear trends and the modeled B M2,r anomalies of the oceanic warming study, the dynamics in the region of the northern Atlantic are better explained with a linear model.
In this study, the observed dynamics of B M2,r amplitudes in the northern Atlantic are well explained with the quadratic model (cf. section 3.2). The long-term trends indicated by the negative b 2 match the findings of the Greenland glacial melting study. The b 2 coefficients for the quadratic B M2,r model at sea level reach values of more than 0.2pT/a 2 . For the quadratic model, with b 2 coefficients about 10 times smaller than b 1 coefficients, the leading exponent will dominate the dynamic on decadal time scales. Assuming that the prospective course of the dynamics in the Northern Atlantic follows the fitted dynamic, it would take about 28 years to cause anomalies of 0.1 nT and about 55 years to cause anomalies of 0.5 nT. Neglecting the 10 times larger positive b 1 trends, this time would be reduced to about 22.5 years and 50 years, respectively. Consequently, the quadratic trends of the quadratic model also match the expected changes in OHC.
In the northern Atlantic ocean region, ocean dynamics are highly variable and cause high variability in oceanic temperature and salinity (McCarthy et al., 2015) . It is also a crucial region for the global climate, because of the poleward heat transport in the Atlantic, which is unique among global oceans (Bryden and Imawaki, 2001) . In the Northern Hemisphere, up to one quarter of global poleward atmosphere-ocean heat transport is carried by the AMOC. On one hand, the better fitting negative quadratic model and the decrease of AMOC during 2009-2010 for a time period of 14 months (Bryden et al., 2014) are arguments for the Greenland glacial melting scenario. On the other hand, the consistent increase in global OHC and global mean surface temperatures are in favor of the oceanic warming scenario.
The trends of both fitted models indicate developments in the ocean climate state that could lead to anomalies similar to the two presented climate scenarios. However, in the preceding studies only anomalies of the initial and the final ocean climate states have been investigated. The ocean dynamics leading to these anomalies have been neglected. By contrast, the present study investigates the dynamical changes of present day OHC and B M2,r amplitude variations. In consideration of the high variability of the complex ocean dynamics, especially in the North Atlantic, the investigated time period is too short to make reliable predictions for prospective ocean dynamics. The B M2,r amplitude changes observed in the northern Atlantic could be caused by an impending break down of AMOC but also by a temporary weakening. Additionally, the combined effects of oceanic warming and Greenland glacial melting on B M2,r amplitudes is currently unknown. Consequently, a longer time series of data is necessary to decide which one of the possible scenarios will prevail.
Climate Sensitive Shelf Regions
The extraction of B M2,r amplitudes from magnetometer observations is a challenging task. The ocean tide-induced magnetic signals are minute compared to other magnetic signals. Additionally, seasonal variations and trends in B M2,r amplitudes are even smaller and their detection cannot be assured for the immediate future. However, if B M2,r amplitude variations caused by ocean heat variations are detected, they are most likely detected in shallow ocean regions. B M2,r amplitudes show higher sensitivity to ocean climate variations in the shelf seas compared to the rest of the ocean. The highest seasonal variability of the B M2,r amplitudes (cf. figure 2 ) and the largest magnitude of long-term B M2,r trends are found in coastal regions (cf. Figures 5 and 6 ). This is consistent with B M2,r anomalies modeled in the oceanic warming and the Greenland glacial melting study (Saynisch et al., , 2017 .
Despite the fact that ocean depth in shelf regions is 1 order of magnitude lower than in the open ocean, there is no significant difference in the magnitudes of B M2,r amplitudes and the tidal ocean transports between those two regions. For the tidal transports in shelf regions, the shallow ocean depth is compensated by high tidal current velocities. As a shallow water wave, the phase velocity of the tidal wave is proportional to the square root of the ocean depth √ h. However, the tidal current velocity is proportional to the product of √ g∕h and the tidal elevation amplitude A (Stride, 1983) . A itself is proportional to −4 √ h. Consequently, as the tidal wave approaches the shelf, tidal wave speed decreases but amplitude and current velocity increase, due to energy conservation. This explains why ocean depth has only little influence on B M2,r and V amplitudes but does not explain the differences in B M2,r sensitivity of the two ocean regimes.
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The only time-variable input in our experiment design is the oceanic temperature and salinity fields. They are the only possible cause for trends and anomalies in B M2,r (cf. equation (1)). The tidal transports V M2 show only small dependence on variations of ocean depth, salinity, and temperature. The geomagnetic field B Earth is independent of those quantities. This means that the increased B M2,r variability in shelf regions must be caused by mean variations due to changes in the oceanic temperature and salinity distribution.
The mean values are more extreme in shelf regions compared to the open ocean. For shelves in the midlatitude, mean is much higher than in the deep ocean. This relation reverses in high latitudes (cf. Saynisch et al. 2016; Trossman and Tyler 2019; Tyler et al. 2017 ). However, the extreme values do not explain the increased sensitivity of mean and B M2,r toward changes in T int . Neither large temperature nor salinity changes are limited to shelf regions. In the equatorial Pacific, for example, the El Niño/Southern Oscillation causes large temperature and salinity anomalies which again cause only minor mean and B M2,r anomalies (Petereit et al., 2018) .
Temporal trends of T int and therefore OHC are in the same order of magnitude throughout the world ocean. By contrast, the temporal trends of the highly correlated mean are 10 times larger in shallow ocean regions (cf. Figures 5 and 6 ). This is explained with the fact, that the amount of heat, necessary to increase the average conductivity in the water column in shelf region, is about 10 times smaller than the amount of heat needed to cause a similar change in the open ocean. Consequently, the depth-averaged seawater conductivity mean is more sensitive to temperature and salinity changes in shallow ocean regions than in the open ocean. That is why, the impact of oceanic temperature related phenomena like seasonal thermocline depth variations or oceanic warming on mean and consequently B M2,r is 10 times larger in shelf regions than in the open ocean.
Summary and Conclusions
In previous ocean tide-induced magnetic field signal studies, it was investigated how the processes of Greenland glacial melting and oceanic warming (Saynisch et al., 2017) affect climate sensitive ocean tide-induced magnetic field (B M2,r ) amplitudes in time. The findings of these studies showed opposing effects on B M2,r amplitudes. Therefore, in this paper we investigated how present day developments in ocean climate influence B M2,r amplitudes and how the present day B M2,r amplitude developments compare to the modeled climate scenarios. From global monthly mean seawater temperature and salinity fields, we derived a time series of global monthly mean B M2,r amplitudes for the years of 1990 to 2016. From the obtained B M2,r time series, we inferred the seasonal variability and fitted linear and quadratic trend models. This way, we assessed long-term trends in B M2,r amplitudes.
The linear B M2,r trends correspond well with the B M2,r anomalies caused by oceanic warming. However, these trends are in conflict with the in situ observations in the North Atlantic Ocean region. Here, B M2,r signals increase until a tipping point is reached toward the end of the first decade of the new millennium. Afterward, B M2,r amplitudes decrease continuously. This temporal development fits better to the dynamic of a quadratic model. The quadratic fit supports the findings of the Greenland glacial melting study.
Additionally, we show that ocean heat content (OHC) and B M2,r are highly correlated. Consequently, the found long-term B M2,r trends show that recent developments in OHC are within the expected range set by the two climate scenarios. In order to come to a final decision in this matter, a continuous monitoring of either OHC or ocean conductance variations is necessary. Due to the high correlation, the radial ocean tide-induced magnetic field amplitudes are a suitable observation technique for this task.
The presented variations in B M2,r amplitudes caused by changes in OHC are very small. It is already challenging to extract B M2,r amplitudes from magnetic field observations. There are further electromagnetic phenomena such as solar quiet variation or lunar tides in the ionosphere in the same frequency range. Additionally, the magnitude of the presented variations is, in most ocean regions, below the current accuracy of most magnetometer measurements. We show that their detection will most likely be realized in shallow ocean regions. Changes in electrical seawater conductivity caused by variations in oceanic temperature and salinity distribution lead to 10 times larger B M2,r amplitude variations in shelf regions than in the deep ocean. In the shelf regions, depth-averaged electrical seawater conductivity mean and B M2,r amplitudes show high sensitivity to seasonal variations and long-term climate trends. This is explained by the fact that ocean heat variations leading to mean changes scale with the depth of the water column. Thus, the effect of seasonal thermocline depth variations on mean , for example, is 10 times larger in shelf seas than in the 10 times
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deeper open ocean. The corresponding B M2,r amplitude anomalies in the shelf regions are also approximately 1 order of magnitude higher than in the deep ocean.
The seasonal B M2,r variability has to be taken into account when B M2,r amplitudes are to be extracted from magnetometer observations. A temporal averaging over a time span other than a multiple of the seasonal cycle would impose a bias. However, the current satellite magnetometer precision is too low and extracted B M2,r amplitudes might be unaffected by the mentioned bias.
However, there are several additional observation techniques that allow a monitoring of ocean tide-induced electromagnetic field components, like terrestrial magnetometer stations. Coastal seafloor voltage cables (Baringer and Larsen, 2001; Kuvshinov et al., 2006; Thomson et al., 1986) or ocean-bottom magnetometer (Guzavina et al., 2018; Schnepf et al., 2014 Schnepf et al., , 2015 Shimizu et al., 2011) even allow detection of components other than B M2,r .
We conclude that oceanic shelves are not only the regions where B M2,r amplitudes are most affected by oceanic climate variations but also the regions where these climate variations will become observable as B M2,r variations first. Consequently, a targeted monitoring of ocean tide-induced magnetic fields in shelf regions is beneficial for the monitoring of changes in oceanic and therefore Earth's climate. As a next step, it is planned to extract seasonal and long-term B M2,r amplitude variations from coastal magnetometer observations to test the presented results.
